Bone sialoprotein (BSP) has been implicated in a variety of physiological and pathophysiological events, including tumor cell invasion, bone homing, adhesion, and matrix degradation. To explore the potential involvement of BSP in human breast cancer cell invasion and metastasis, we used retrovirus-mediated RNAi to deplete BSP levels in the human bone-seeking breast cancer cell line MDA-MB-231BO (231BO) and established the 231BO-BSP27 and 231BO-BSP81 cell clones. Cell proliferation, colony formation, wound healing, and the ability to invade into matrigel of these BSP-depleted clones were all decreased. Both 231BO-BSP27 cells and 231BO-BSP81 cells showed a significant (15.4% and 28.6% respectively) reduction of bone metastatic potential following intracardiac injection as determined by X-ray detection and by hematoxylin and eosin staining. Moreover, the expression of integrins avb3 and b3 was decreased in the BSP-silenced cells whereas ectopic BSP expression increased the integrins avb3 and b3 levels. These results together suggest that BSP silencing decreased the integrin avb3 and b3 levels, in turn inhibiting cell migration and invasion and decreasing the ability of the cells to metastasize to bone.
Introduction
Breast cancer is a common malignancy among women. While locally contained in situ tumors can be surgically removed, the major threat arises from tumor cells that invade adjacent tissues or metastasize to distant sites [1] . Bone is a common site of metastasis; in fact, 64% of patients who die from breast cancer have bone metastases [2] . In addition, metastasis to the skeletal system is usually accompanied by osteolytic lesions, which can cause patients serious anguish. Unfortunately, bone metastases are usually insensitive to conventional breast cancer therapies.
Bone sialoprotein (BSP) is a highly phosphorylated and glycosylated secreted protein in the bone matrix, belonging to the class of molecules known as small integrin binding ligand Nlinked glycoproteins, or SIBLINGs. Its expression is not restricted to bone, and, in fact, it has been described as a common extracellular protein secreted by human breast cancer cells [3] [4] [5] . BSP possesses a polyglutamate sequence that mediates binding to hydroxyapatite crystals [6, 7] . BSP also contains an integrinbinding RGD (Arg-Gly-Asp) sequence that may mediate protein binding to the cell surface [8] and may promote interactions between cells and the bone matrix through avb3 and avb5 integrin receptors [9] . Most (,87%) breast carcinoma specimens show a significant elevation in BSP expression [3] , and patients with preoperatively increased serum BSP levels are at high risk of subsequent bone metastases [10] . While over-expression of BSP promotes bone metastasis of human breast cancer cells in mouse models [5, 11] , a decrease in BSP levels in breast cancer cells, using either antisense BSP cDNA or anti-BSP antibody, inhibits bone metastasis in vitro and in vivo [12] [13] [14] [15] [16] [17] [18] .
Integrins are a family of transmembrane glycoproteins demonstrated to play a major role in tumor invasive and metastatic processes. Integrin avb3 is a key molecule that actively participates in tumor angiogenesis and metastasis [19] . Decreasing the levels of av and b3 integrin subunits in cells can suppress cancer metastasis [20] . The anti-av integrin monoclonal antibody intetumumab could bind cell surface proteins important for adhesion, invasion and angiogenesis in the metastatic cascade [21] . The binding of BSP and integrins could contribute to metastasis formation of breast cancer cells, and particularly bone metastasis. It has also been reported that av integrin chain is markedly reduced in BSP(2/2) osteoclasts [22] . Expression of BSP in tumor cell lines could increase the levels of av-containing integrins and the number of mature focal adhesions [23] .
While the data obtained thus far are promising, limitations of previous studies, such as the immunogeneicity and the extracellular immunoreaction by the BSP antibody, and the temporary silencing of antisense oligonucleotides (ASOs) have made it challenging to define the exact role of BSP in bone metastasis. Small interfering RNAs (siRNA) can target mRNAs for degrada-tion, and long-term stable reduction of BSP gene expression by siRNA may block BSP transcription and mimic gene mutations. Our previous study showed that silencing of BSP significantly inhibited the adhesion of MDA-MB-231BO cells (231BO for brevity) to bone matrix. Importantly, this adhesion may be a key component of BSP function in metastasis [24] . However, whether BSP-RNAi affects metastasis by blocking migration or invasion is unclear. Moreover, although it has been reported that BSP expression contributes to increased av integrin, the effect of BSP silencing on integrin avb3 level is unclear. Here, we established two BSP gene-silenced cell clones of 231BO, termed 231BO-BSP27 and 231BO-BSP81, and showed that their proliferation, migration and invasion were suppressed. Following BSP silencing, the level of integrin avb3 was decreased in cell culture and the bone metastatic potential was dramatically decreased in nude mice. These data suggest that BSP silencing in human breast cancer cells could decrease the levels of integrins avb3 and b3, in turn could inhibit cell migration and invasion and decrease the ability to metastasize to bone.
Materials and Methods

Cell Lines, Reagents, and Antibodies
The bone-seeking human breast cancer cell line 231BO was generously provided by Dr. Toshiyuki Yoneda (University of Texas Health Science Center at San Antonio) [25] . Cells were cultured in DMEM (Hyclone) supplemented with 10% fetal bovine serum (FBS; Hyclone) at 37uC in a humidified atmosphere of 5% CO2. pSilencer TM 5.1 Retro Kit (Ambion, USA), T4 DNA ligase (NEB, USA), and Oligofectamine Reagent (Merck, USA) were used for shRNA construction. The b-actin (SANTA CRUZ, USA), GAPDH (CST, USA), BSP (SANTA CRUZ, USA), and integrin b3 (CST, USA) primary antibodies, the peroxidaseconjugated anti-mouse IgG (SANTA CRUZ, USA), and the ECL detection kit (Thermo, USA) were used in western blots. The integrin avb3 antibody clone LM609 (Merck Millipore, Germany), the FITC-conjugated anti-mouse IgG (CST, USA) and the PE-conjugated anti-mouse IgG (CST, USA) were used for flow cytometry. QuantiTect Rev Transcription kit (QIAGEN), QuantiTect SYBR Green PCR kit (QIAGEN), and Trizol (Invitrogen, UK) were used in quantitative RT-PCR. The primer sets used for PCR amplification of BSP and b-actin were synthesized by QIAGEN. MTT ([3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide], Sigma Aldrich, China), DMSO (Sigma Aldrich, China), and basement membrane matrigel (BD Biosciences, USA) were used in migration assays. Tartrate-resistant acid phosphatase (TRAP) staining was performed with a Sigma-Aldrich Acid Phosphatase kit. Elivision TM plus Polyer HRP (Mouse/ Rabbit) IHC Kit (Maixin, China), DAB Detection Kit (Maixin, China) and the above-described antibodies were used for immunohistochemistry detection. pIRES2-EGFP vector was purchased from BD Biosciences Clonetech Inc, while the recombinant vector pIRES2-hBSP-EGFP was constructed by our lab.
Establishment of Stable BSP-silenced Cell Lines
As described in the Table S1 , the shRNA sequences (shBSP27, shBSP81, and shBSP100) were designed to target the 337-357th, the 774-794th and the 963-983 rd regions of the human BSP mRNA (NM_004967.3). Complementary oligonucleotides (sequences are shown in Table S1 ) were synthesized by Invitrogen and ligated into the pSilencer 5.1-U6 Retro vector using the T4 DNA ligase. E. coli Top10 cells were then transformed with the constructs and ampicillin-resistant colonies were selected. The inserts were confirmed by sequencing the plasmid using 59-TTGTACACCCTAAGCCTC-39 as the primer. The shRNA containing plasmids (1 mg/ml) were transfected into retroviral packaging 293 cells using Oligofectamine Reagent to propagate the retrovirus. pSilencer 5.1-U6 Retro Scrambled plasmid, which does not possess any significant homology to human, mouse, or rat gene sequences, served as a negative control. The culture medium containing the retrovirus of interest was then collected, and 231BO cells were infected. Cells were cultured for 2 weeks in the presence of 10 ng/ml puromycin to enrich the stable shRNAexpressing cells. Additional selections were performed every 3 months.
Transfection of Recombinant pIRES2-hBSP-EGFP Plasmid
The 231BO-BSP27 cells were planted in 24-well plates with a density of 1.0610 5 cells/well the day before transfection. Lipofectamine TM 2000 (2 mL) was diluted in 50 mL serum-free DMEM, mixed gently and incubated for 5 min at room temperature. Plasmids (1 mg of pIRES2-EGFP or pIRES2-hBSP-EGFP) and Lipofectamine TM 2000 solution were added, followed by incubation for 20 min at room temperature to allow the formation of plasmid-Lipofectamine TM 2000 complexes. The complexes were added to 24-well plates in which the medium was changed with serum-free DMEM in advance, incubated for 10 h at 37uC in a CO 2 incubator, and then cultured using DMEM with FBS to obtain cells for western bolt and flow cytometry analyses.
Flow Cytometry Detection of Integrin avb3 Expression
Cells (1610 6 ) were washed twice and suspended with 1 mL PBS, followed by incubation with 5 mL LM609 avb3 antibody at 4uC for 45 min. After two washes with PBS, the cells were collected by low speed centrifugation (192 RCF, 5 min) and incubated with 2 mL FITC-or PE-conjugated goat anti-mouse IgG mAb at 4uC for 30 min in the dark, followed by two washes with PBS. The stained cells were then suspended in 500 mL PBS, and detected by MACSQuant Analyzer instruments (Miltenyi Biotec, Germany) and Guava easyCyte HT system (Merck Millipore, USA). The negative control was processed in the same way but without the anti-avb3 antibody.
Western Blot Analysis
Cells were harvested and lysed with RIPA buffer containing the protease inhibitor PMSF. Equal amounts of protein (50 mg/lane) from the lysates were electrophoresed in PAGE and transferred to PVDF membranes. Membranes were blocked with 5% skim milk in TBS containing 0.1% Tween-20 for 2 h at room temperature and then incubated overnight at 4uC with primary antibody (1:200 for anti-BSP; 1:1000 for anti-integrin b3; 1:2000 for anti-b-actin) in blocking solution. After incubation with horseradish peroxidaseconjugated anti-mouse IgG (1:2000) in blocking solution for 60 min, the proteins were visualized with ECL detection kit.
Quantitative RT-PCR
Total RNA was isolated from cells using Trizol (Thermo, USA). An aliquot (700 ng) of the RNA was used for qRT-PCR analysis with a QuantiTect Rev Transcription kit and a QuantiTect SYBR Green PCR kit. b-actin was used to normalize the protein loading. The conditions for the RT step were 42uC for 15 min and 95uC for 3 min. The thermal cycling conditions for PCR were 95uC for 15 min followed by 55 cycles at 94uC for 15 sec, 55uC for 30 sec, and 72uC for 30 sec per cycle.
Cell Viability and Colony Formation Assays
Cells were plated in 96-well plates at a density of 2000 cells per well and incubated for 1, 2, 3, 4, 5, 6, or 7 days, followed by addition of MTT (20 mL, 5 mg/ml DMSO). After 4 h-incubation at 37uC, MTT residual was removed and 150 mL DMSO was added to dissolve the formazan crystals. Absorbance was measured at 570 nm to determine the cell viability. To determine colony formation, cells (1610 3 ) were cultred in 6-well plates for 2 weeks; this was followed by counting those colonies larger than 30 cells under an inverted microscope.
Migration and Invasion Assays
Cells were plated in 6-well plates at a density of 5610 5 cells per well until they reached 90% confluence. A single wound was scraped with a pipette tip in the center of the cell monolayer, and the wells were washed with PBS to remove cell debris. After an additional 24 h of culture, wound healing was visualized with an inverted microscope. In vitro invasion was determined in 24-well transwell inserts with 8 mm-pore size filters (Corning) by following a method modified from the literature [26] . The filters were coated with 60 mL basement membrane matrigel diluted to 1:3 with DMEM, air-dried and hydrated with 50 mL serum-free DMEM 30 min prior to cell addition. Cells were added to the upper chamber inserts at a concentration of 5610 4 cells in 0.2 ml of serum-free medium (at least 3 replicates for each sample). DMEM (500 mL) containing 20% FBS was added into the lower chamber. After incubation for 24 h at 37uC, cells in the upper part of the transwells were removed with a cotton swab, and the chambers were washed with PBS. Cells that had migrated were fixed with 4% paraformaldehyde and stained with 0.1% Crystal Violet for 15 min. Filters were photographed and dye elution using 500 mL 33% acetic acid solution was measured for absorbance at 570 nm to determine cell invasion.
In vivo Metastasis Assays
Female athymic Balb/c nude mice (from Guangdong Medical Laboratory Animal Center), age-matched between 4 and 6 weeks, were housed in a pathogen free animal facility. Cells (2.5610 5 cells in 100 mL PBS) were injected into the left heart ventricle of nude mice as previously described [27] . Four weeks later, animals were anesthetized deeply and placed in the prone position. Whole body skeletons were X-rayed to detect the presence of bone lytic lesions, using a GE Digital Radiography instrument with X-ray exposure at 35 kV for 6 sec. All the brains, lungs, tibias and femurs were retained for histological study. After formalin-fixation, the bone tissues were transferred into a decalcification solution (4% EDTA, pH 7.2) for 4 weeks at 37uC and were embedded with paraffin. Other tissues were embedded without decalcification. Sections of 2-4 mm were stained with hematoxylin and eosin (HE) for histological analyses or were stained for tartrate-resistant acid phosphatase (TRAP) for osteoclast examination. Paraffin sections from the mouse bones were immunohistochemically (IHC) stained by incubation with the primary antibody (1:100 for anti-BSP and 1:200 for anti-integrin b3) for 14 h at 4uC, as instructed by the manual of the IHC Kit. After staining with a DAB kit, the sections were counterstained with haematoxylin. All the histological diagnoses and the quantifications of metastases were performed by two pathologists in a blinded manner.
Ethics Statement
All animal experiments were carried out in a strict accordance with the recommendations in the Guide for the Management Ordinance of Laboratory Animals of Guangdong Province, China. The protocols were approved by the Committee of the Guangdong Laboratory Animals Monitoring Institute (Permit Number: SYXK(Jun)2007-033 and SYXK(Yue)2009-0100). All surgeries were performed under anesthesia, and all efforts were made to minimize suffering.
Statistical Analysis
Densitometry of western blots was performed with Quantity One (Bio-Rad) and values were normalized to b-actin. RT-PCR was performed on a Rotor-Gene 6000 PCR detector and quantified using the cycle threshold (Ct) method and was normalized to b-actin. The wound healing rate was measured by comparing the area of the wound at 0 h and at 24 h.The number of bone, lung, and brain metastases and the TRAP-positive multinucleated cells in or around the metastatic lesions were assessed and photographed using an Image-Proa Express 6.0 software. The levels of integrin avb3 were analyzed using MACSQuantify (Miltenyi Biotec, Germany) and GuavaSoft 2.2 software (Merck Millipore, USA). All experiments were performed at least in triplicate. Data were presented as mean6SD (standard deviation). Statistical analysis was performed by one way ANOVA followed by the Bonferroni or Dunnett (2-sided) test for comparisons. The level of significance was set at p,0.05.
Results
BSP-silenced Cell Clones were Established
As detected by western blot, the BSP27 or the BSP81 shRNA expressing clone of 231BO cells showed 69.364.1% or 75.265.2% reduction of the BSP protein, whereas the BSP100 shRNA clone and the scrambled clone only showed a 27.864.0% and an 8.862.5% decrease in BSP, respectively, when compared with the parental 231BO cells (Fig. 1A) . Consistent with the reduction of the BSP protein, BSP mRNA in 231BO-BSP27, 231BO-BSP81, and 231BO-BSP100 cells were also decreased 69%, 73%, and 41% respectively, compared to 16% reduction in 231BO-Scrambled cells (Fig. 1B) . We therefore used the 231BO-BSP27 and 231BO-BSP81 cells for further study on the effects of BSP on metastasis and other biological characteristics.
Silencing BSP Inhibits Breast Cancer Cell Proliferation, Colony Formation, as well as Cell Migration and Invasion
MTT assay showed that the viability of BSP-silenced cells was not changed during the first 3 days but was slightly decreased at the 4 th day (p,0.01), compared to the cells with higher BSP levels ( Fig. 2A) . Colony formation showed a 48.8% or a 53.7% decrease in 231BO-BSP27 or 231BO-BSP81 cells compared to 231BO-Scrambled cells (p,0.05) (Fig. 2B) . One day after wound healing, the 231BO and 231BO-Scrambled cells almost completely invaded the wound, whereas the 231BO-BSP27 and the 23BO-BSP81 cells migrated only poorly, showing a decrease of 34.8% and 35.7% in wound healing (Fig. 3A and 3C ). In the transwell assay for invasion, BSP silencing rescued the cell invasion through the matrigel barrier, as the invasion ability of 231BO-BSP27 cells decreased 61.9% compared to 231BO-scrambled cells and 231BO-BSP81 cells decreased 50.9% (p,0.05) (Fig. 3B and 3D ).
Silencing BSP Inhibits Breast Cancer Metastasis in vivo
Four weeks after intracardiac injection of the BSP-silenced cells, metastases to bone, brain, and lung were observed on HE-stained sections in both BSP-silenced and non-silenced groups (Fig. 4A  and 4D ), and metastasis-caused osteolytic lesions of bone were detected by X-ray (Fig. 4B ) with active osteoclasts confirmed by TRAP staining (Fig. 4C) . The BSP and integrin b3 proteins in bone metastasis were detected by immunohistochemical staining. Because of the limited number of brain and lung metastases, we could not determine whether the small difference was only due to the BSP silencing. Since X-ray only showed the bone mineral density and HE staining only showed histology, lesion size could not be quantified accurately. Moreover, bone metastasis is a dynamic process and the lesion size changes with time. Therefore, we only quantified the number of mice with metastases (Fig. 4D) , which is much more reliable than other parameters. The incidence of bone metastasis was only 15.38% in 13 mice belonging to the 231BO-BSP27 group and 28.57% in 7 mice of the 231BO-BSP81 group. In contrast, the incidence of metastasis was 60% in 5 mice of the 231BO-BSP100 group and 50% in 14 mice of the 231BO-scrambled group. It was 80% in 5 mice belonging to the 231BO group.
Bone sections containing metastases of the 231BO-BSP27 and the 231BO-BSP81 cells showed significantly low levels of BSP and integrin b3 compared with the bones from the 231BO-Scrambled and 231BO cells (Fig. 4C) . In all 5 groups, the lesion sizes were different among individuals within the same group. The ability of cancer cells to stimulate osteoclast formation is an important requirement for the establishment and development of osteolytic metastases [28] . We observed many osteoclasts in bone metastatic regions, especially between the bone matrix and the metastatic lesions (Fig. 4C) . As shown in the figures of TRAP staining, many osteoclasts joined together, so we could not get the exact number in a metastatic. Moreover, a big bone lesion may not have a high density of osteoclasts, which may be relevant to the interaction between metastatic tumor cells and bone marrow cells. When counting the approximate number of osteoclasts under a microscope, we did not find any significant differences between these groups, suggesting that BSP expression may not obviously influence this cell type.
The Expression of Integrin b3 and avb3 Related Closely to BSP Level
Flow cytometry results showed that integrin avb3 was expressed at a higher level in 231BO-Scrambled cells but at a lower level in 23BO-BSP27 cells (Fig. 5A) . Wondering whether avb3 might play a role in BSP-induced breast cancer metastasis, we transfected the 231BO-BSP27 cells with a pIRES2-hBSP-EGFP construct or the pIRES2-EGFP control construct, followed by detection of the BSP, b3 and avb3 levels with western blot and flow cytometry. As expected, the avb3 (Fig. 5B) and b3 (Fig. 5C ) levels were lower in the 231BO-BSP27 and 231BO-BSP27-EGFP cells than in the 231BO-BSP27-hBSP-EGFP and 231BO-Scrambled cells. Particularly notable was that the levels of b3 and avb3 were changed with the same trend as the BSP level in the cells (Fig. 5D ).
Discussion
More than 50% of women that are diagnosed with breast cancer develop bone metastases with the risk of skeletal-related events. As a result, their quality of life is severely reduced [29] . As a member of the SIBLING gene family, BSP represents a potential target for the inhibition of cancer cell migration, invasion, bone homing, and progression to metastasis [30] . Previous studies have documented the ability to down-regulate BSP expression by ASOs [12, 13, 18] . In these studies, the maximum inhibition of BSP protein expression reached 75%. Their results showed an inhibition of proliferation, colony formation, and migration of MDA-MB-231 breast cancer cells. Moreover, antisense oligonucleotides of BSP could inhibit formation of osteolytic metastasis in nude rats near 50%, and also significantly reduced metastatic lesions. Use of a BSP antibody [14] [15] [16] [17] could also reduce cell migration, invasion, and the generation of osteolytic lesions caused by human breast cancer cells in nude rat models. Compared to untreated controls, the size of lytic lesions in bone was significantly reduced, and approximately 20% of the rats did not suffer from discernible lytic lesions following BSP antibody treatment [15] .
The potencies of cancer cells to adhere to bone matrix and to promote osteoclast formation are key requirements for the establishment and growth of bone metastases [28] . Our previous study had shown that silencing of BSP significantly inhibited the adhesion of 231BO cells to bone matrix and, thus, inhibited metastasis [24] . Seemingly contradictory, exogenously added BSP peptides appeared to inhibit the bone homing preference of breast cancer cells [31] . This may be due to the fact that BSP-peptide analogues may not completely represent endogenous BSP. Most notably, the BSP-peptide analogues did not contain the polyglutamate sequence that is involved in BSP binding to hydroxyapatite crystals. Thus, one possibility is that the BSP-peptide analogues may bind to cancer cells but not to the bone matrix. In contrast, endogenous BSP, containing the polyglutamate se- quence, may promote interactions between cancer cells and the bone matrix.
In this study, two recombinant retroviruses targeting the BSP gene were generated and stably transferred into a bone-seeking breast cancer cell line 231BO. Although expression of BSP in 231BO-BSP27 cells and 231BO-BSP81 cells remained at 30.7% and 24.8% of that in the control cells, the reduction in BSP expression caused profound changes in metastatic characteristics. Our results strongly suggest that cell proliferation, colony formation, and migration of breast cancer cells are decreased in BSP-silenced cells compared with control cells. In fact, BSP shows a great potential to play roles in each critical step of the metastasis. All our data support earlier studies that suggest a critical role for BSP in breast cancer metastasis. Most importantly, BSP silencing significantly inhibits bone metastasis of breast cancer cells in nude mice. During the progression to osteolytic metastases, osteoclasts are active and play an important role in bone lesion formation. Breast cancer cells in the bone microenvironment can promote osteoclast formation and activity through factors such as PTHrP and IL11. Additionally, bone marrow stromal cells can secrete TGF-b 1 , RANKL, and other factors to accelerate tumor growth [32] . In bone metastasis slides, we observe many osteoclasts, especially at the edge of the bone metastases. However, by counting the number of osteoclasts, we do not detect statistically significant differences among these groups, suggesting that BSP silencing has no obvious influence on the activity of osteoclasts in the bone metastatic site. These in vivo studies show a high bone metastatic incidence but relatively low metastatic incidences to the brain and lung. Thus, although lung metastases in BSP silencing groups are slightly higher than those in non-silencing groups, we are unable to determine whether BSP can influence lung metastasis because of the small number of occurrence. The same is true of brain metastasis. Addressing these questions in the future will require establishment of new models with higher metastatic incidence to these organs.
BSP is recognized as an important ligand for avb3, an integrin that may confer bone metastatic potential to tumor cells [33] . We found that expression of this integrin was positively correlated with BSP levels in metastatic breast cancer cells. It has been shown previously that BSP expression in tumor cells increases the levels of av-containing integrins [34] . However, such regulation at the protein level of integrin b3 has not yet been shown. Moreover, we show that the b3 and avb3 levels are positively correlated with the level of BSP. Thus, the regulation by BSP on integrin may imply an important mechanism of how BSP influences bone metastasis, which encourages us to further investigate the mechanism of avb3 in the role of BSP-related breast cancer metastasis.
In conclusion, both in vitro and in vivo studies support a role for BSP in bone metastasis. Inhibition of the expression of integrin b3 and avb3 by BSP may be an underlying mechanism, although more mechanistic insight of this regulation is still obscure. Moreover, the roles of BSP and of these integrins in breast cancer metastasis to the lung and brain are other interesting areas of research. Our study also suggests a new strategy to use BSP siRNA for prevention or adjuvant therapy of breast cancer. 
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